The action of auxin in the promotion of growth has been suggested in the literature to depend on cell wall acidification. In a former investigation by the present authors the electrochemical balance in auxin-induced proton extrusion was shown to be maintained by potassium net uptake. The present paper reports data demonstrating that the elongation of Avena coleoptile segments is accompanied by an accumulation of malate, which is stoichiometrically correlated with potassium uptake. We concluded that this malate accumulation is required in a mechanism regulating intracellular pH.
promoted growth is accompanied by consumption of CO2 (25) and that IAA enhances the fixation of H'4C03-by Avena coleoptile cells (4) .
The present paper demonstrates that IAA-induced elongation growth is paralleled by a stoichiometric potassium and malate accumulation.
MATERIAL AND METHODS
Plant Material. Seeds of Avena sativa (cv. "Flemings Krone") were dehusked and soaked for 3 hr in three changes of aerated 0.5 mM CaSO4. Subsequently, the seeds were placed on a steel screen floated on aerated 0.5 mm CaSO4. Germination, preparation of tissues, and experiments were carried out under dim green light at 28 + 1 C, except for a 3-hr exposure to red light at the beginning of the germination period.
Experiments. Using a double blade cutter 10-mm coleoptile segments were obtained from 96-hr-old seedlings (30-40 mm in length). The top 3 mm of the coleoptile were discarded and the next 10 mm were used in the experiments. The segments were preincubated in 0.5 mm CaSO4 for 2 hr, randomized, and transferred to the test solutions, usually with 30 segments in 100 ml of solution. The solutions contained 1 mm tris + 1 mm KCl with or without 10 4M IAA; pH 7 was established by addition of some drops of 0.1 N H2SO4. At the end of the incubation time, the tissue was blotted dry and transferred to 100 ml of ice-cold bidistilled H20 for 15 Figure 3 was calculated using the method of least squares (r = correlation coefficient).
Due to the great variability of the material between different batches of tissue used for the individual experiments, a statistical AUXIN-INDUCED GROWTH AND MALATE INCREASE treatment comprising results of separate individual experiments proved to be of no value. Results were considered significant, when repetitive individual experiments gave similar patterns of response, although absolute data (e.g., slopes, maxima) were varying (see two individual experiments depicted in Fig. 1 or Fig. 2 ).
RESULTS AND DISCUSSION
The time courses depicted in Figure 1 show the effect of IAA on malate accumulation of the Avena coleoptile tissue. After 6 to 8 hr, a clear increase of malate levels in the tissue is observed in the presence of LAA. At shorter periods significant differences in malate levels were not obtained. In the experiment depicted by closed circles in Figure 1 irrespective of IAA treatment. This is in contrast to data reported by Rubinstein and Light (22) and Rubinstein (23) .
Malate accumulation is clearly correlated with growth of the coleoptile cylinders (Fig. 2) . In some experiments (closed symbols in Fig. 2 ) growth ceased after 14 hr, whereas malate syn-E 2,0 in the absence of IAA is very small, it is accompanied by a small amount of elongation. Probably this "endogenous growth," which does not occur in the absence of KCl in the external solution (11) , reflects a proton efflux and acidification of the cell wall that balances the excess K+ over Cl-uptake. Figure 3 shows the stoichiometry between K+ and malate accumulation. All data obtained of IAA-enhanced net K+ uptake and malate accumulation are used in this figure to assess this correlation. The points fit the regression line quite well (r = 0.94). If net K+ uptake were balanced stoichiometrically by malic acid synthesis with extrusion of the protons and accumulation of the malate2 anions, theoretically a 1:1 relationship of Amole K+ per Aeq malV or Y2 ,umole mal2 should be expected. The regression line shown in Figure 3 is very close to this theoretical expectation.
Malate synthesis and accumulation requires dark fixation of CO2. It has been observed that the enhancement in growth is followed by an increase in CO2 consumption (25) . It is also well known that CO2 promotes elongation in coleoptile segments (7, 17) . The involvement of malate accumulation in auxin-induced elongation may account for the long term growth stimulations in response to CO2. Rapid short term effects of CO2 may arise from its acidifying effect (see also 2, 20) .
We believe that the H+-K+-antiport, malate synthesis, and accumulation of K-malate are closely related events in IAAstimulated growth and are probably regulated by feedback mechanisms. This leads to the speculation about where IAA might exert its primary action in this system, i.e., at the level of one of the membrane transport mechanisms (H+-K+-antiport at the plasmalemma? K-malate transport at the tonoplast?), or at the level of the enzymes involved in malate synthesis. The idea of a primary action of hormones at the membranes has recently attracted much support (ref. 8 , and citations therein). An effect on the mechanism of malate synthesis cannot be excluded before the appropriate tests with enzymes isolated from Avena coleoptiles have been performed.
CONCLUSIONS
In combination with former results (10) the present findings suggest that IAA activates a K+-H+-exchange pump, which is correlated with a stoichiometric synthesis and accumulation of malate to maintain cytoplasmic pH and cell turgor.
